Summary. Eight Type I (insulin-dependent) diabetic patients with no diabetic complications were studied on two consecutive and one subsequent overnight occasions. The aim was to evaluate the influence of nocturnal hypoglycaemia on neuropsychological and reaction time tests the following morning. Hypoglycaemia was induced by i.v. insulin infusion, blood glucose nadir was 1.5 + 0.3 mmol/1. Duration of hypoglycaemia (blood glucose < 3 mmol/1) was 101 + 38 min. Whole night sleep statistics for all patients showed no statistical differences between the normoglycaemic and hypoglycaemic nights, however, there was a tendency of prolongation of the second sleep cycle in the nights with hypoglycaemia. Each patient was used as his own control and periods with blood glucose concentration less than 3 mmol/1 were compared to exactly the same periods in nights with blood glucose level over 5 mmol/l. During hypoglycaemia the amount of deep sleep was reduced and replaced by superficial sleep and arousals of short duration. Further, the reduction in deep sleep was replaced later at night. Neuropsychological test scores and reaction time measurements in the morning showed no differences between the normoglycaemic and hypoglycaemic nights. In conclusion: despite sleep disturbances, nocturnal hypoglycaemia did not impair cognitive function the following morning in Type 1 (insulin-dependent) diabetic patients.
tients with no diabetic complications were studied on two consecutive and one subsequent overnight occasions. The aim was to evaluate the influence of nocturnal hypoglycaemia on neuropsychological and reaction time tests the following morning. Hypoglycaemia was induced by i.v. insulin infusion, blood glucose nadir was 1.5 + 0.3 mmol/1. Duration of hypoglycaemia (blood glucose < 3 mmol/1) was 101 + 38 min. Whole night sleep statistics for all patients showed no statistical differences between the normoglycaemic and hypoglycaemic nights, however, there was a tendency of prolongation of the second sleep cycle in the nights with hypoglycaemia. Each patient was used as his own control and periods with blood glucose concentration less than 3 mmol/1 were compared to exactly the same periods in nights with blood glucose level over 5 mmol/l. During hypoglycaemia the amount of deep sleep was reduced and replaced by superficial sleep and arousals of short duration. Further, the reduction in deep sleep was replaced later at night. Neuropsychological test scores and reaction time measurements in the morning showed no differences between the normoglycaemic and hypoglycaemic nights. In conclusion: despite sleep disturbances, nocturnal hypoglycaemia did not impair cognitive function the following morning in Type 1 (insulin-dependent) diabetic patients.
Key words: Nocturnal hypoglycaemia, sleep disturbances, cognitive function.
Cognitive dysfunction has been found during acute hypoglycaemia in healthy subjects as well as in diabetic patients [1] [2] [3] . The duration of the acute impact on brain function has been shown to be less than i h after restoration of the glycaemic level [1] [2] [3] . Permanent cognitive dysfunction has been described in adult diabetic patients with recurrent episodes of severe hypoglycaemia [4] . Children seem to be particularly vulnerable, in that adolescents who have had episodes of severe hypoglycaemia before the age of 5 years show neuropsychological and electroencephalographic (EEG) abnormalities [5, 6] . We have reported minor sleep disturbances and transitory EEG changes in insulin-dependent diabetic patients during nocturnal insulin-induced hypoglycaemia [7, 8] .
Patients with obstructive sleep apnea leading to mild nocturnal hypoxaemia showed impairment in neuropsychological tests and car-driving performance [9, 10] . Simple reaction time test as an objective measure of vigilance was impaired the following morning in patients with sleep apnea [11] . Sleep deprivation without metabolic alterations has been shown to reduce the performances in vigilance tests [12] and to increase the reaction time in simple tests [13] .
Since nocturnal hypoglycaemia induces sleep disturbances and EEG changes and acute hypoglycaemia is accompanied by reduced performance abilities, we expect an impact on cerebral performance in the mornings following nocturnal hypoglycaemia. In order to test this hypothesis, we have studied eight Type i (insulin-dependent) diabetic men by neurophysiological tests and reaction time measurements after normoglycaemia and hypoglycaemic sleep.
Patients and methods
Eight Type 1 diabetic men participated in the study. Clinical characteristics of the patients are shown in Table 1 . All patients had urine albumin excretions less than 30 rag/24 h, serum-creatinine less than 110 gmol/l, blood pressure less than 120/80 mm Hg, and normal resting ECG. No patients showed signs of retinopathy oi neuropathy. None had any history of epilepsy or other neurological disturbances. No medication other than insulin was taken. All had, prior to the present study, participated in other studies on insulin-induced hypoglycaemia.
All the patients gave their informed consent. The study was approved by the regional Ethics Committee. 
Study design
All the patients participated for three nights. Primarily a night without hypoglycaemia, consecutively a night with insulin-induced hypoglycaemia, subsequently followed by a third night with insulin-induced hypoglycaemia. We have not previously demonstrated a first night effect in patients who were familiar with studies on hypoglycaemia. However, to exclude a possible influence on the hypoglycaemic nights, we chose the first night for the patients to be normo~ycaemic. Serum-cortisol was used as a marker of the stress level. The patients were admitted to the sleep laboratory at 22.00 hours after a normal working day without prescribed changes in diet or physical activity. Intermediate acting insulin was omitted before either dinner or before bedtime or both. On arrival at the hospital two cannulas were inserted into contralateral antecubital veins; the cannula for blood sampling was heparinized and the other kept patent with a 154 mmol/1 NaC1 infusion containing Velosulin Human 100 IU/ml (Novo Nordisk, Basgsvmrd, Denmark). Insulin infusion was given by an insulin pump (Imed, Oxford, UK). The pump used a 60 ml syringe containing 154 mmol/1 NaC1 and 15 IU insulin, equivalent to an insulin concentration of 0.25 IU/ml. Infusion rates were dependent on the actual blood glucose concentration. The ideal was to have blood glucose stabilized at about 6 mmol/1. On the nights
Analytical methods
Venous blood glucose concentrations were measured in duplicate; bedside with an oxidase method (Hypocount Mx-B, BM-Test-BG; Boehringer-Mannheim, Mannheim, FRG) and later with a dehydrogenase method (Cobas Mira; Hoffmann la Roche, Basel Switzerland). Results from the Cobas-analysis are presented.
Blood for measurements of serum cortisol was centrifuged for 10 rain and separated immediately. Serum samples were stored at -20 ~ Cortisol was measured by a commercial kit (Kingo Diagnostica, Copenhagen, Denmark). [4] [5] [6] and age at diabetes onset [4, 5] . This emphasizes the need for the individual patient to act as his own control.
Trail making." (1) The subjects were asked to connect the numbers 1-25. (2) Connection should be made between letters (A-L) and numbers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] alternately in the correct order. The test calls for attention, visual scanning and planning and is scored as the number of seconds needed to complete the task.
Digit span: The subjects were asked to repeat digits either forwards or backwards in the sequence presented verbally. This is a test of attention and short-term memory. The score is the highest number of digits repeated correctly.
Letter cancellation: Patients were presented with unbroken rows of letters and should cancel, A, B, N, and P as fast as possible for 3 min. The test requires rapid discrimination of details and measures attention and distractibility. The score is the number of letters read and the number of errors.
Visual reaction time:
The test was performed using the Somnolog system (Ventec Aps, Hellerup, Denmark). We used two of the built-in reaction time tests, where the light stimuli are given either by a light emitting diode or a liquid crystalline display. In both tasks the reaction time is measured as the time from light on until the patients push a button. The optical stimuli are given randomly with intervals of 1 to 4 s. For each task the mean value and SD of 100 reaction times were determined and the number of false reactions were registered.
Recordings
Electroencephalogram (EEG) was recorded using surface electrodes. The two EEG channels were the standard derivations for sleep analysis, C3-A2 and CA-A1 [14] . Submental chin electromyogram (EMG) was registered via prefilled disposable electrodes.
The eye movements, actooculogram (AOG) were measured using a piezoceramic mechanical sensor (Siemens E232E, Siemens, Mtinich, FRG). The frequency range for the EEG and AOG channels was 0.3-70 Hz and 20-700 Hz for the EMG. All recordings were continuously registered on a Siemens-Elema Mingograph, (Siemens-Elema AB, Solna, Sweden). The recordings were stored on a Teac XR 510 frequency modulated tape recorder, (Teac Corp., Toyko, Japan).
Analysis
Analysis of the recordings was made off-line using a polygraphic sleep analysis system (Nightingale; Judex Datasystems, Aalborg, Denmark). The setup and analysis used has been described previously [7] .
The sleep data were registered for epochs of 30 s duration. Periods with blood glucose below 3 mmol/1 were compared to exactly the same time-periods on night 1, where the blood glucose was above 5 mmol/1, during these periods sleep stages including awakenings were counted. Each patient was used as his own control, however, mean values were also calculated.
NeuropsychologicaI tests
The three tests most sensitive and least influenced by the learning effect concerning short-term memory, attention and concentration were selected for use from the test battery constructed for acute hypoglycaemia [1] . The patients were presented with a set of tests before the first real test stimulation. Different test sets were used at
Statistical analysis
Values are mean + SD or (ranges) or both. Wilcoxon's rank sum test for paired data were used for the analysis of the sleep statistics. Friedman two-way analysis by ranks for paired data with multiple comparisons between nights were used for the analyses of the neurophysiological results, p < 0.05 is considered statistically significant.
Results
Mean blood glucose profiles for all patients are shown in Figure 1 . The nadir in blood glucose concentration, time for the hypoglycaemic periods and their duration are presented in Table 2 for the individual patients on the two nights. The minimum values for blood glucose were, except for two patients (number 1 and 3), the same on the hypoglycaemic nights. There were some differences in the time for nadir to occur and the total duration of the hypoglycaemic periods.
Serum cortisol at 23.30 hours after insertion of i.v. catheters and placement of electrodes were 125 +75 (42-265) nmol/1 on the first night compared to 164 + 106 (82-397) nmol/1 and 156 + 108 (37-397) nmol/1 on the second and third nights, respectively (NS).
Whole night sleep statistics are shown in Table 3 . No significant differences were found between the normoglycaemic and hypoglycaemic nights. However, there was a tendency toward prolongation of the second sleep cycle, which occurred at the time of the night when the blood glucose was low. Comparisons between the specific hypoglycaemic and normoglycaemic periods of the nights are shown in Table 4 as a percentage of the observed period. 510  377  427  374  383  469  384  52  12  19  11  23  14  21  17   L 2  345  393  348  328  360  373  628  384  13  18  12  5  24  1  23  9   L 3  345  480  393  393  384  412  657  375  12  8  11  2  12  4  22  3   D1  9  9  9  10  11  11  10  11   D2  8  10  10  9  8  9  8  11   D3  8  10  10  9  9  11  9  12   T 1  247  136  176  151  167  201  223  169   T 2  209  130  240  151  164  172  213  150   T 3  188  152  213  177  170  193  173 Table 5 . There were no statistically significant differences in the test scores between the normoglycaemic (night 1) and the two hypoglycaemic nights (2 and 3). However, as shown in Table 5 , there was great variance in the performance in the three tests for the individual patient, for instance; poorer performance in letter cancellation and improvement in trail making and vice versa. Likewise, there were no statistical differences in the test scores for the reaction times, shown in Table 6 . There are no correlations between the test scores and time for hypoglycaemic nadir, duration of hypoglycaemia, or the level of hypoglycaemia (Tables 2, 5 and 6). Neither were there correlations between number of awakenings during hypoglycaemia and the test scores.
Discussion
In the present study we found insulin-dependent diabetic patients neuropsychologically unaffected in the mornings following nocturnal hypoglycaemia. This is in accordance with previous investigations during daytime in diabetic patients, which showed a normalisation of the cerebral dysfunction less than 1 h after restored glycaemic level [1] [2] [3] . However, during nocturnal hypoglycaemia the sleep was disturbed to a degree which might be another cause of reduction of neuropsychological performance in the morning [9] [10] [11] [12] [13] . Normally in studies on healthy subjects who are unfamiliar with test situations, laboratory facilities etc, sleep is disturbed during the first night. The dis- In the current study, a longer time period to the first stage 2 sleep on the normoglycaemic night was found although there was a variation; four patients showed a decrease in latency from the first to the second nights while three showed an increase and one had no difference. Moreover, the time to sleep onset was identical and the sleep efficiency was not different on the three nights. Furthermore, there were no differences in the patients' stress levels on the three nights as evaluated by their cortisol levels. Thus, in accordance with our previous findings a first night effect or habituation to the sleep laboratory did not occur [7, 8] . We have previously described a prolongation of the two first sleep cycles on nights with hypoglycaemia in diabetic patients [7] . In some of the patients we detected EEG-changes with specific patterns for hypoglycaemia. The hypoglycaemic frequencies were between 4 and 6 Hz [8] , which is in the theta frequency range. Theta activity would be expected to be present in different amounts in all sleep stages including REM [14] . Thus, hypoglycaemic sleep alterations could be concealed in the normal sleep patterns. This is consistent with the present whole night sleep statistics, in which we were unable to find statistical differences among the sleep stages. However, in whole night sleep statistics it is not possible to exclude differences within a certain period. Normally, deep sleep dominates at the beginning of the night and then during the night REM periods of gradually increasing length appear with concomitant shortening of the intervals [15] . Thus, the only possible way to compare hypogly- [16, 17] . Thus, although the sleep was disturbed during hypoglycaemia, the patients were able to compensate for this disturbance to a degree that eliminated the expected influence on the performance in neuropsychological testing in the mornings. In the present study blood glucose had been restored for at least 90 min at the time for neuropsychological testings. We were, by the use of simple tests, unable to describe significant differences in the performance. However, the possibility of a neutralization of cognitive dysfunction by an increasing learning effect has been considered. To reduce the possibility of a learning effect the test battery consists of different tasks testing the same functions differentb: All tests call for attention and concentration. If the patient tries to improve his reaction time in these simple tests, he tends to increase the number of false reactions, which would be registered by the computer. The trail making, letter cancellation and digit span were chosen because they have very little learning effect; it takes a lot of training to increase the number of digits repeated correctly backwards when the patient is presented with new and random digit combinations for each test. In studies of acute hypoglycaemic impact with parallel sham studies we have used these tests without observing a learning effect [1, 18] . In agreement with these results we are unable to describe a general learning effect in our present study. The fact that no disturbance is found in cognitive function after at least 90 min after restoration of the blood glucose is in accordance with previous findings of the acute cerebral dysfunction during hypoglycaemia. However, previous studies were all performed during daytime, hence the possible influence of sleep disturbances is a new contribution. Since nocturnal hypoglycaemia appears in 29-56 % of insulin-dependent diabetic patients with a duration of 1-12 h, most often without symptoms [7, 8, [19] [20] [21] [22] [23] it is important that daytime performance was not affected.
